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Self-assembly of block copolymers is currently of interest as a method for fabricating nanopatterns. [1] [2] [3] [4] It can generate dense arrays of nanoscale spherical, cylindrical or lamellar microdomains which can be used as lithographic masks. [5] [6] [7] Compared with conventional lithography methods, the self-assembly of block copolymers has two advantages: (1) the periodicity of dense structures can be scaled down to ~10 nm, which is well beyond the resolution limit of optical lithography; 8 and (2) nanopatterns can be fabricated over a large area in parallel, so the throughput can be several orders of magnitude higher than that of electronbeam lithography (EBL). 9 Based on these two advantages, self-assembly of block copolymers has been used in the fabrication of devices including nanocrystal flash memory, nanowire transistors, gas sensors, patterned magnetic recording media, and contact holes for transistors. [10] [11] [12] [13] [14] [15] Microdomains generated in a self-assembled block copolymer film can be guided by templates to produce nanopatterns with a precisely determined orientation and long-range order. Periodic templates, such as chemical patterns, [16] [17] [18] [19] [20] topographic trenches, [21] [22] facets of single crystal sapphire, 23 or other block copolymers 8, 9 have been used to impose long-range order on the microdomains. In prior work, sparse post arrays were used to control the in-plane orientation of 51 kg/mol spherical and 45.5 kg/mol cylindrical morphology poly(styrene-blockdimethylsiloxane) (PS-b-PDMS) block copolymer microdomains with a period of 40 nm and 34 nm respectively. 24, 25 Designed post arrays were also used to locally control the orientations of the cylindrical microdomains, and to generate complex device-like nanopatterns. 25 To achieve sub-10-nm complex nanopatterns based on the self-assembly of block copolymers, a block copolymer with a sub-10-nm periodicity and a process for templating its self-assembly are required. Sub-10-nm periodicity has been achieved by various block copolymer systems, such as PS-b-PDMS, 8, 9 PS-b-PEO, 23,27 and PMMA-b-PMAPOSS. 26 Several different approaches have been used to template the self-assembly of a block copolymer with a sub-10-nm periodicity, but sub-10-nm block copolymer patterns with a specific registration with substrate features have not yet been demonstrated. 8, 9, 23, 28 In this article, we present a method for achieving well-oriented and registered sub-10-nm PSb-PDMS block copolymer patterns using topographic templates. To template the self-assmebly of PS-b-PDMS with a sub-10-nm periodicity, the diameter of the posts must also be scaled down to the sub-10-nm range in concert with using lower molecular weight block copolymers which generate periodic patterns with sub-10-nm features. However, the fabrication of sub-10-nm posts is challenging even with state-of-the-art lithography. 30 To overcome this challenge, processes are needed to fabricate the templates, and a better understanding of the interaction between the microdomains and the posts is required. In this work, the templated self-assembly of a 16 kg/mol cylindrical morphology PS-b-PDMS block copolymer with 18 nm period is demonstrated using sparse topographic templates. The interaction between the block copolymer and post templates with a range of diameters and heights was examined, and topographic templates were designed to align the block copolymer microdomains in specific directions on the substrate.
RESULTS AND DISCUSSION
A 16 kg/mol cylindrical morphology PS-b-PDMS block copolymer (PDI ~1.08, f PS ~0.69) was spin-coated onto a substrate to form a monolayer of in-plane PDMS cylinders. The thickness of the film was 24 nm, which is commensurate with a 18-nm-periodicity in-plane cylinder, a top surface layer of PDMS, and a bottom surface layer of PDMS. A 24-nm-thick films of the block copolymer were annealed in an acetone vapor in a chamber with a small leak until complete evaporation of solvent (~ 4 hr). During the solvent annealing, each block swelled to a different swelling ratio (PS ~ 1.62, PDMS ~ 1.44), which increased the effective f PS from 0.67 to 0.70 28 .
Solvent uptake by the film lowered the Flory-Huggins interaction parameter compared to that of the dried film. 29 The annealed films were etched by oxygen plasma to remove the PS and reveal the oxidized PDMS microdomains. Figure 1 To impose long-range order and to control pattern registration, we used rectangular arrays of posts with various periods L x and L y , as depicted in figure 1 (b). In prior work, posts with heights of ~35 nm and diameters of ~10 nm were effective in templating the self-assembly of a 45 kg/mol cylindrical morphology PS-b-PDMS block copolymer with periodicity of 34 nm. 25 Extrapolation of these dimensions suggests that posts with a height of ~18 nm and a diameter of ~5 nm would be needed to effectively template the self-assembly of a 18 nm period block copolymer. However, fabricating posts with diameter smaller than 10 nm is difficult with a conventional electron beam lithography system. 30 In this work, posts were fabricated with diameters of 6.3 nm -13.8 nm and heights of 12 -27 nm from high-contrast negative-tone-resist hydrogen silsesquioxane (HSQ) and a high contrast salty development system. 30 The posts were functionalized with a PDMS brush to be attractive to the PDMS block of the block copolymer. Prior work on a 34 nm period block copolymer 25 showed that the cylindrical PDMS microdomains contact the PDMS-coated posts and orient in plane so as to minimize the strain in the microdomain lattice, i.e. the commensurability between the post lattice and the equilibrium period L o governs the self-assembly. For example, if L o = nL x (with n an integer) then the microdomain lattice is commensurate with the L x spacing and the cylinders are expected to orient along the y-axis with zero strain. 25 . This result shows that an aligned linear pattern can be achieved by topographic post templates even for microdomains in the sub-10 nm regime. The final pattern achieved by topographic templates and a block copolymer can then be transferred into metal using previously demonstrated techniques 9 .
To minimize the time required for template fabrication, it is desirable for the posts to be as sparse as possible. Fig. 1 (k) shows good order even when the posts only occupy 5% of the final PDMS pattern, suggesting that this method of templated self-assembly can be considered as a method to increase the throughput of EBL by a factor of ~20. To decrease the density of the templates further, the posts can be replaced by well-spaced 'dashes' or fins which provide additional guidance to determine the in-plane orientation of the cylinders. Those results are given in the Supporting Information, which shows long-range ordered sub-10-nm block copolymer patterns guided by dash templates which occupied only 1/66 of the final pattern. We now consider the effects of post height and diameter on the templating process. To gain further insight into how PDMS microdomains interact with tall or short posts, we used self-consistent field theory (SCFT) simulation. SCFT has been shown to agree with experimental results, and to predict 3D morphologies of block copolymers. [31] [32] [33] In the SCFT simulations, the figure 4(a,d,g) . This structure is consistent with the experimental observation that the 12 nm posts did not induce long-range order because they were too short to make contact with the PDMS microdomains embedded in the PS matrix. Figure 4 The preceding results suggest that there is an optimum post height (~16 nm, similar to the height of the cylinders above the substrate) and diameter (~11 nm, similar to L o /2 or the diameter of the cylinders) to obtain effective templating. To illustrate the window of post dimensions that provide the best templating, Figure 5 shows the area fraction of cylinders with commensurate orientation as a function of post height and diameter. The smaller posts gave poor templating while the larger diameter and height posts promoted a y-axis orientation, acting analogously to a topographical trench 9 . These results indicate the tolerance of the templating process to variations in post dimensions and provide guidelines for templating lower molecular weight block copolymers or complex structures using size-controlled orientation control within specific areas of the substrate. 
Conclusion
This work has shown that a cylindrical morphology PS-b-PDMS block copolymer with a period below 20 nm which forms microdomains with a diameter below 10 nm can be registered and oriented in plane using an array of functionalized topographic posts. Posts with a range of diameters and heights were fabricated from a high-contrast resist and a high-contrast development system, and their templating effects were tested. The diameter and the height of posts are major factors determining the interaction between the block copolymer cylinders and the posts and therefore the effectiveness of the templating. The templating is optimized when the post diameter is similar to or smaller than the diameter of the cylindrical microdomains so that the distortion of the microdomains in contact with the posts is minimized, and when the height of the posts is similar to the height of the microdomains above the surface of the substrate. When templated by posts with appropriate diameter and height, the in-plane orientation of the cylinder array is determined by the commensurability between the post lattice and the equilibrium period, analogously to results on a 45.5 kg/mol PS-b-PDMS block copolymer with a larger period. In the optimized case the area fraction of the microdomains oriented along the commensurate orientation reached 92%. Short posts were ineffective at templating, while tall or wide posts promoted alignment of the cylinders along the y-axis, acting similarly to trenches 9 . Selfconsistent field theory modeling illustrated the 3D arrangement of the microdomains and was in good agreement with the observations of post height effect. These findings enable an improved design of sparse topographic templates to direct the assembly of block copolymer patterns with a controlled in-plane orientation and sub-10-nm features. This suggests that templated selfassembly of block copolymers based on sparse topographic templates, formed for example by interference lithography followed by trimming down and replication by nanoimprint, could be used for fabricating sub-10-nm nanopatterns with high throughput.
Experimental Methods
Poly(styrene-block-dimethylsiloxane) (PS-b-PDMS) diblock copolymer was purchased from HSQ films were spun coated to a thickness of 27 nm, 25 nm, 19 nm, 16 nm, and 12 nm by using spin speeds ranging from 1,000 rpm to 6,000 rpm on 3-inch silicon wafers. The thickness of the HSQ film was determined by ellipsometry. The HSQ coated silicon wafers were cleaved into 2 cm by 2 cm pieces. Single-pixel dots or short dashes (consisting of a short single-pass line)
were exposed in a Raith 150 electron-beam lithography tool at 30 kV acceleration voltage. A range of post diameters was achieved from 6.5 nm to 15 nm by varying the electron dose. The samples were developed in a high-contrast developer system as described previously to remove unexposed resist and to reveal the topographic templates 30 . The sample was further treated with 
Supporting Information Available
Theoretical background to the maximum throughput increase that can be achieved by posts is provided. SEM images of long-range ordered block copolymer patterns templated by dashes are provided. This material is available free of charge via the Internet at http://pubs.acs.org.
